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most important gas phase trace constituents in the
Abstract—The Tropospheric Trace Species Sensing Fabry- troposphere. Its importance stems from three maligsr 1)
Perot Interferometer (TTSS-FPI) is a project being funded o0zone is a key oxidant in tropospheric photochemisizone
within NASA’s Instrument Incubator Program (IIP) fo r risk  photolysis is one of the principal sources of thelrbxyl
mitigation of enabling technology applicable to futire Office of  radical (OH), which is the most important radicakesies
Earth Science (OES) atmospheric chemistry measuremts. agsociated with the photochemical —degradation  of
While the intended implementation for future sciencemissions is anthropogenic and biogenic hydrocarbons; 2) exgosar
a geostationary-based measurement of troposphericzone and enhanced levels of tropospheric ozone [1]4]2] nieght
other trace species, within IIP, an airborne sensoris being impacts health, crops, and vegetation; ozone igoresble
developed that will demonstrate the instrument corept and for acute and, chron,ic health probléms in humans and
enabling technologies aiso applicable to - space-base contributes toward destruction of plant and animal
configurations. The concept is centered about anmiaging populations; and 3) as a greenhouse gas it coteskioward

Fabry-Perot interferometer (FPI) observing a narrow spectral S A . N
interval within the strong 9.6 micron ozone infrared band with a ~ "adiative forcing and climate change. The objectifethe

spectral resolution ~0.07 cril. This concept is also applicable to  1Topospheric ~ Trace  Species  Sensing  Fabry-Perot
and could simplify designs associated with atmosphie Interferometer (TTSS-FPI) within  NASA’s Instrument
chemistry sensors targeting other trace species (idh typically ~ Incubator Program (IIP) is to develop and dematstan
require spectral resolutions in the range of 0.010.1 cm’), since  airborne sensor to further the development of aramckd
such an FPI approach could be implemented for thosepectral —atmospheric remote sensor intended for geostatidrased
bands requiring the highest spectral resolution andhus simplify ~ measurement of tropospheric ozone and other tpa®es.

overall design complexity. The measurement and itrsiment

concepts, enabling technologies, approach for deegiment and 1. Instrument System
demonstration within IIP, and a summary of progressto-date
are all reported. Remote detection of tropospheric trace species fave

fundamental challenges: 1) the need for sufficispatial
resolution to identify the spatial distribution arhogeneities
of constituents that result from non-uniform sosfsiks
Measurement of tropospheric chemistry is identified and atmospheric transport, and 2) the need for uzdeq
one of the key areas to be included in Earth seienissions temporal resolution to resolve daytime and diusgalations.
of the 21st century in the NASA Office of Earth Guie Both of these requirements can be satisfied by reaten
(OES) Strategic Enterprise and Science Researchs.Plaffom geostationary Earth orbit (GEO). While diffetial
While many species are fundamental to enabling spimeric  absorption lidar and other active sounding systepesating

chemical processes, ozone is clearly recognizemhaf the from low Earth orbit (LEO) could permit high veric
resolution, they would only provide relatively spar

I. Introduction



horizontal spatial sampling. The Tropospheric Eroiss for broadenlng |n the terrestrlal atmosphere is [ep
Spectrometer (TES) instrument on the EOS-CHEM lgatel .
is expected to provide the first global data setistribution I .
of tropospheric ozone. However, the EOS Request for N stretopouse
Information panel has recommended technology devedmt i

to achieve higher horizontal resolution than w#l possible sop- terenr
with the EOS-CHEM payload [3]-[4]; this is intended I
address the key tropospheric ozone process-refpiestions
that are expected to remain in the post-CHEM tieréogl.

Altitude (km)
Pressure (mb)

Earlier NASA-sponsored research [5] has shown #at 100
tropospheric ozone measurement capability can b\
using a satellite-based nadir-viewing device makirigh Dopp‘er%\
spectral resolution measurements with high sigmaeise 0 . . | .
ratios, and that a Fabry-Perot interferometer (F®juite 107 O
suitable for this task. Implementation in the améd portion

of the spectrum utilizes the strong 9.6 micron @zband and
yields continuous day/night coverage independensaér
zenith angle. Using an FPI affords high opticabtiyhput
while operating at high spectral resolution, and agroven
success record in previous applications. The saofeblogy broadening, which originates from a Doppler shift the
being advanced for TTSS-FPI is applicable to meamsants frequency of radiation associated with

of other trace species, and could greatly simpbiyrer absorption/emission feature due to thermal motibnthe
atmospheric chemistry sensor designs (which tylyicalradiating molecules. Unlike the Lorentzian half-thid the
require spectral resolutions in the range of 0.01Lcnmt) by  Doppler half-width does not have a pressure depereland
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Figure 1. Approximate altitude dependence from
0 to 60 km of Lorentz, Doppler, and Voigt half-
widths.

the

implementing for spectral bands requiring the higlspectral
resolution in those applications and thus simplifyerall
design complexity.

A geostationary-based implementation
desired for this concept for the many operatioraidfits it
enables, including:

» higher spatial and temporal resolution than LEO

* species source/sink
transport characterization

* quick repeat views to study regional pollution epliss
on mesoscale meteorological time and space scales

stratosphere variability (i.e. from temporal chéesistics
in addition to spectral)

» viewing the same scene as a function of surfacefiow

atmosphere thermal contrast variations (ensurirmesc
views during maximum thermal contrast, and thu
minimum retrieval error, conditions)

given location, and optimizing the ability for chbu

therefore its change with altitude is due to terapee alone.
The Voigt profile is formed from the convolution tfese
two independent broadening formulas (i.e., Loremzand
Doppler) and in the high or low pressure limits r@@ehes
respectively. Figd

illustrates the approximate Lorentz, Doppler,

is ultimatelyhe Lorentz or Doppler profiles,

anoigV/

half-widths as a function of altitude for ozonesknwithin the
9.6 micron band (using reasonable surface valuesthe

identification and atmosphericorentz and Doppler half-widths [6] and Lorentzfhaidth

temperature dependence coefficient [7]) and shbwsbasis
for this measurement concept:
content in the measured signals can be maximized by
» viewing of same surface region throughout day/nighgpectrally isolating wings of strong ozone lingsgce wings
which will allow separating surface, tropospheral anof strong lines are due primarily to pressure bewény in the

troposphere.

S The

B. Instrument Concept

TTSS-FPI  instrument

concept

tropospheric infoionat

employs a

mur l'err _ double-etalon FPI to achieve the necessary highitrgsn
« maximizing the likelihood of cloud-free views of yan (0.068 crif), narrow-band infrared emission measurements

within

the

strong  9.6-micron

ozone

band.

This

removal for any given time (i.e. having high splatiaimplementation requires a single-order transmisfimation,
resolution views of nearest neighbors, which may bether than the periodic nature of the standardyFBbrot
instrument bandpass (which can be advantageous when
observation of periodic spectra is desired). Thiachieved

cloud-free).

using additional optical elements (specifically, law
r(esoluuon etalon, LRE, a high resolution etaloRHE] and an
ultra-narrow bandpass filter all arranged in a eseri
configuration) to reduce the effect of unwantedspasds,
improve sideband rejection, and extend the effectiee
spectral range. Figure 2 summarizes the formatibra o
single-order, double-etalon instrumental transfancfion

A. Measurement Concept

Molecular collisions during the absorption/emissio
process give rise to collisional or pressure broadg and
the corresponding profile function can be represgrity the
Lorentz line shape. The Lorentz half-width is prdgjomal to
pressure and is approximately inversely proportidoahe
square root of temperature. The other significaatimanism



instruments/techniques that are currently planredntke

Airy Transmission . . . .
A A Functions similar observations in the future [9].
1 2

D. Maturity of Concept

D E, WUUU\ E, M i Prior to this project we have developed a grourskta
5 o double etalon FPI at the University of Michigan'paBe
S Ey —

boubie Eloron Physics Research Laboratory (UM/SPRL) as part of a
w Transmission funcfon program sponsored by NASA LaRC and funded throhgh t

BT T OES Sensor and Detector Technology Program [11f Th

L Ty I program successfully developed critical component
; w Transmission Funcfion technologies and demonstrated the predicted grbande
T 3 operation of a double etalon FPI laboratory breadthin the
J% e q ifective PP 10-micron spectral region. The laboratory breadtholaas
been used to collect solar absorption spectra dbatpare

very well with spectra simulated using the optioedperties
of the instrument and atmospheric conditions. Th@ae of a
solar-absorption application (rather than the idézh
emission mode of implementation) was a cost-effecti.e.,
requiring smaller optics) approach for accomplighithe
desired proof-of-concept objectives.

from the Airy (A), defect (D), aperture (L), and rufpass
filter (T¢) functions. Larar et al. [8] describe such a eyst
for a cross-track spatially scanning non-imaginstrimment
configuration. The system being advanced here
incorporates an advanced focal plane array (FP#Ecthe to
perform spatial imaging, and spectral tuning isoagglished -~
through precise mechanical scanning of etalon piaes; . {I' "l - iR J

Figure 2. Schematic diagram summarizing the
formation of a single-order, double-etalon
instrumental transfer function.

Integrated Sensor Demonstration Approach
-piggyvback flight with validated airborne sounder

¢ ! atvanced sounder (FTS)
Larar et al. [9] describe such a system for geiostaty
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C. Space-Based Measurement Feasibility

The feasibility of tropospheric and total ozone
observations from a LEO-based platform using
double-etalon FPI has been demonstrated in areeatlidy
[10]. Similar or better performance at much higheatial and
temporal resolutions is obtainable from a geostatig-based
implementation since such a configuration allows lfmger
scene dwell times to achieve desired signal-toeno#ios
(SNR). The Larar and Drayson study [10] indicatestival
discrimination  capability between tropospheric and
stratospheric ozone fields using the proposedunmsntation,
supporting the threshold minimum measurement pedioce
of obtaining integrated column amounts for both the The next logical step in advancing and validatihg t
troposphere and stratosphere. Additionally, thesmeament measurement technique is performing atmospheric
goal of some profiling capability also appears achble measurements from a more realistic configuratiore. (i
since an averaging kernel analysis has shown thaiaking nadir-viewing emission observations). Thisuld
approximately seven independent pieces of verticaddress several critical operational challengescist®d with
information should be obtainable for this ozonerigeal, this measurement; most importantly, signal impacmf
with roughly three located in the troposphere. detgtions background (surface) variability of temperature,issmity,
are that this technique can enable integrated smiperic and topography. Within [IP we will demonstrate this
ozone determination to within ~10% precision and%2 instrument system from an airborne platform to fev
accuracy, and knowledge of total column ozone aagneelto technique validation, demonstration of enabling ponents
within ~4% precision and ~5% accuracy. While furthewithin an integrated system, the utility of the ghag
studies are still to be performed for a GEO impletagon, technique and evaluate FPA small/large format tHideand
current results support preliminary feasibility thfis space- autonomous operation, all from a more relevantrenwment
based measurement and these estimates compare gthiga possible from the ground. Subsequent atmoisptest
favorably with the capabilities of the limited nuembof flights will be a crucial risk-mitigating activityfor the

eventual spaceflight instrument by validating eimapl

i

Figure 3. Integrated sensor demonstration
approach for TTSS-FPI within 11P.

E. Airborne System Implementation Approach



technologies and providing additional measurementcept
verification.

Within IIP we will demonstrate this FPI device lwia
lower-resolution advanced sounder Fourier Transfor
Spectrometer (FTS) sensor measuring spectra camtiyrr
from the same airborne platform. Specifically, wéend to
have piggyback flights with the National Polar-dirm
Operational Environmental Satellite System (NPOES:
Airborne Sounder Testbed Interferometer (NAST-Ihss
[12] aboard the high-altitude Proteus aircraft [JBj].
NAST is a suite of airborne infrared and microwav
spectrometers developed for the Integrated Prodbdiice
(IPO) that has been flown on the high altitude NAEBR-2
and Northrup Grumman Proteus aircraft as part ef riek
reduction effort for NPOESS (i.e., the NPOESS Gtoask

Infrared Sounder (CrlS) and the Advanced Technolog

Microwave Sounder (ATMS)). The NAST-I is a Michatso
interferometer that derives its heritage from tba-scanning
High resolution Interferometer Sounder (HIS) depeld by
researchers at the University of Wisconsin [15fdéans the
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Figure 4. Block diagram of subsystems unde

evaluation during airborne sensor design proce:.

Earth beneath the aircraft with a nominal spatabtution of
approximately 2.5 km within a cross-track swath thvief
about 45 km; its unapodized spectral resolutiof.25 cnt
within the 3.6 - 16.1 micron spectral range. NASTs|a
scientifically-sound sensor that has flown ~12@sians for
~670 flight hours. Besides of being a cost-effect
approach, flights concurrent with NAST-1 will prald@
temperature and water vapor profiles along withfaser
characteristics (i.e., temperature and emissiviiy) the
TTSS-FPI  ozone information content assessmel
additionally, a lower-resolution observation of tleatire
ozone band will be available for cross-calibratiol
verification. Figure 3 illustrates the concept Iehithis
piggyback demonstration flight.

Preliminary Instrument/System
Specifications

Airborne Syster)”

~6em

152 cm?, 5.46 et

0068 cm™®

- 1053.5 - 1056. cm™®

~ 5 /15 micron

~035

~20

160x160 {~40x40, effec tive w hinning)
60 pm x 60 prm (~240 x 240 eff.)
35-65K

~30E®

~30

~13 m (~52 m, eff’), ~2 0 km across FPA

Etalon Diameter

Free Spectral Range (HRE, LRE)
Spectral Resolution

Specttal Range

Etalon Scan Range (LRE/HRE)
Optical Systemn Peak Transmittan ce
Effective System Finesse

Array Fomat

Pizel Size

Detector Operating Temperature
Effective D*

fHE

Spatial Resolution

Dwell Time per Spectral element
Dwell Time per Spatial Position
Coverage distancetime

Platform altitude
Datarate/sdomge

26

16 s for spectrum (-~ 60 elements)
1.76 kan along a’c wack in 16 s
~16 km

~2-20 MB/s/ 60 GB §hrs)

* assumes NESR ~ 015 m W2 am
nominl parametsrs desived; actual ones are fon of exact FPA characteristics ite., LF, format, pisel sige)
“ worst case range; nowinalvalues TED per frame averaging; further reduction from pixel binning

Figure 5. Current airborne system specifications.

F. Enabling Subsystems and Technologies

The instrument system is an imaging Fabry-Perot
interferometer (FPI) based on a tunable doubleomtal
designed to collect high resolution (R~15000) spgeof the
Earth/atmosphere in the 9.6 micron ozone band awer
infrared FPA. Figure 4 shows a conceptual bloadgdim
containing enabling subsystems being considereshgldne
airborne instrument design process. Figure 5 suinewm
preliminary specifications for the airborne instemhsystem.

Spectral information is acquired by taking a serids
images at different FPI plate separation distanéesthe FPI
is scanned, each pixel measures a signal thatseisethe
convolution of the instrument transfer function twithe
spectrum incident at that pixel location. For egihte
separation setting, slight differences in effectigenter
wavelength occur as a function of exact pixel lwegt
because the surfaces of equal phase differencauared, not
flat like the focal plane array. Thus the FPI red¢d be
scanned beyond the spectral range required fat diehter to
ensure all spatial elements in the three-dimentispatial-
spectral data set have complete spectral coveragesnable
the spectrally tunable imaging FPlI measurementnigoke
proposed for TTSS-FPI, for achieving high-resolutiover
narrow spectral ranges, three enabling technologi#sbe
demonstrated within I1P:

1. precision control of etalon plates to demonstratieate
spectral tuning and parallelism control of the LREd
HRE;

2. high-sensitivity two-dimensional infrared detectorays

to demonstrate the
configuration; and
spectral and radiometric calibration, to demonstrat
spectral registration and absolute intensity figiein

radiance measurements.

required SNR and imaging

3.



1). Precision Etalon Control. A key feature of the
proposed measurement concept is the optical pesfucen

and spectral tuning of the FPI, which is achieveg brequire only one spectral

controlling the spacing and parallelism between ¢tedon
plates. Alignment/tuning of the etalon plates dagrithe
aircraft prototype demonstration will employ a ceifence-
based technique, using low voltage piezoelectrioaors to
produce a small, low power system that is scalabl¢he
optimum performance and versatility desired for pace-
based Fabry-Perot interferometer.

2). High Sensitivity 2-D Infrared Detector Arrays. A top
priority of the airborne prototype design phase hasn to
perform a trade-off study to simultaneously spetify pre-
and post-optics configurations, the instrument
integration times, and spectral bandwidth to beiireq: all
of these parameters are a function of availableotet array
specifications. Large-format detector arrays with24 or

source. Another approach would be to use a lasémotogy
system to measure plate separation very accurasty
reference to determine th
wavelength calibration.

While our in-flight calibration approach is stilBD for
the aircraft prototype, we expect to use a comhinabf
blackbody sources, a G@as cell, and the detected spectrum.
Two small blackbody sources will be located outsidigéhe
optical bench housing where they may be viewed Hy t
instrument via a mechanized mirror.

Optics & Electronics. The optical bench will support the pre-
optics, the etalons, and the focusing optics aridbeimated
to the detector housing. The instrument optics béllcooled

FOWia thermal connection of the optical bench to itighelium

and nitrogen reservoirs. Avoiding condensation will
necessitate evacuation of a housing placed ardwntbénch
since the instrument would otherwise come into actntvith

more rows would likely be desired for a geostatigna water vapor during the flight. The bench will beintained

application of this concept. = However,
constrained by both time and budget in the procargnof
such a large array, a much smaller format (>/~ &4 xwill

be more than sufficient for demonstration purposéhin

IIP. We have already obtained candidate detectays and
readout electronics, hardware produced for othegnams,
suitable for this application. The FPA will be &rsed in a
dewar and likely cooled by liquid HefNo around 40 K.
Very high performance is expected
implementation of these devices, i.e., D* bettemtix10?
cm HZ? W™ at 40 K.

3). Calibration. Measured data need to be calibrated
radiance, phase and wavelength. The radiometlioration
for every element in the spatial-spectral datadgbaerived
by measuring apparent signal as a function of HBtep
separation from onboard blackbody sources. Froeseth
measurements, gain and offset for each datacubeeptecan
be calculated. To improve SNR of the calibratipectra,
reference scans can be averaged together.

The phase correction accounts for variation in eent

wavelength as a function of pixel location for aayi FPI
setting. For any off-axis pixel located at (x,§y)the array, a

given wavelength),, with maximum transmission on-axis
for some gap setting,,,zhas maximum transmission at a

different FPI gap setting,s#p(X,y). The array of values
describing this difference in gap setting, p(xjg)called the
phase map. This array can be determined by illatirig the
spectrometer with a monochromatic light source sasha
laser and then collecting a series of spectral @sagross the
full Nyquist-sampled FPI scan. The phase map nbthivith
this method is independent of wavelength and thesetan
be applied to all spectral channels. After thagghmap has
been determined, wavelength calibration can be irdda
candidate techniques for achieving spectral cdldmaare
still under consideration. The most straightfovanethod
would be to scan across two different spectralufest and
then solve for etalon spacing at each position.is Tiould
require two very narrow spectral features in thacspheric
spectrum or view of an internal monochromatic cation

besides ¢peinat a constant temperature at or below 170 K. Théswation

and cooling will closely simulate the space-based
environment, although the liquid cryogen would bplaced
with passive radiators and, if needed, active asoluitable
orbital temperature control technology already tsxand is
used frequently on spacecraft; hence our cryogseeba
system is easily scaled to space while lesseniagctist of
this demonstration project. The optical componavits be

from such aprimarily coated ZnSe lenses and/or gold-coatedomsiras

deemed appropriate during the procurement stage. A

collector, field lens, and collimator will be the ajor

.components in the pre-optics. This arrangement taiam

Q/avelength/viewing-angle information contained imet
Fabry-Perot transfer function (as desired for atiziba
imaging device).

Flight electronics will consist of a signal power
conditioning deck, an etalon control deck, a deteetrray
power deck, a detector array data deck, a temperatntrol
deck, a mechanical/blackbody source control decki a
standard PC-based flight computer. Wherever passibl
existing designs for these cards will be used, firoyiding
some leveraging from other programs.

I1l. Summary and Current Status

Tropospheric ozone is a high-priority measurement
identified in the NASA Office of Earth Science (OES
Strategic Enterprise and Science Research Plantie T
airborne FPI system (TTSS-FPI) described herein lavou
demonstrate a new measurement capability intended f
“direct” geostationary Earth orbit (GEO)-based alaton
of tropospheric ozone. The concept exploits spatia
temporal benefits obtainable from a GEO-based intagi
system including, for example, monitoring of regibn
pollution episodes. The instrument concept andnelogies
are also applicable to measurement of other impbrta
atmospheric trace species. The science justibicafor
pursuing this capability along with the conceptsibd the
measurement and instrumentation have been descrided,



the approach for development and demonstrationhisf t
airborne system within  NASA’s Instrument Incubator
Program have been discussed. As of this writing,dtatus
of the airborne system development is as follow$he
preliminary instrument concept, system, and engblin
subsystems have been defined.
requirements have been specified and procurememnts a
underway, with candidate FPAs already

etalon mounts, scene selection mirror assembly, nfi- a
vibration system) are in progress. Thermal modetinglies
have been performed to evaluate different environiaie
control methodologies (i.e. active vs passive, uatws
purge) and quantities of required expendables (sash
IN2/IHe) during nominal flight periods; a dewar firermal
control and instrument enclosure is under procurgémeA
preliminary electrical design for data acquisitginfage and
instrument control (e.g. FPA readout and PZT df@éexiback
electronics) is being formulated, and will be viiwa-tested

in the lab. Pod environmental (thermal/vibration)
characteristics will be observed in future NAST ldgments,
helping to define insulation/isolation and control
requirements. The calibration subsystem methogokwl
etalon control system definition are being reviewaad
finalized. Finally, a flight-ready airborne instnent is being
targeted for around July, 2004.
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